ABSTRACT The synthesis of a covalent dimer of chlorophyll a which possesses properties strikingly similar to those exhibited by P700 special pair chlorophyll in vivo is described. The covalent dimer is characterized by several spectroscopic techniques. Hydrogen bonding nucleophiles, such as water, primary alcohols, and primary thiols, are effective in generating a species from solutions of 10 ,sM covalent dimer in hydrophobic solvents which absorbs light near 700 nm. Formation of this in vitro special pair is a rapid, spontaneous process at room temperature. The range of nucleophiles which promote this process suggests that amino acid residues may function in a similar fashion to form P700 in chlorophyll-protein complexes. The photochemical properties of this in vitro special pair mimic those of in vivo P700 species. The 697 nm a sorption of the in vitro special pair undergoes photo-bleaching rapidly in the presence of iodine that results in the production of a cation radical which exhibits an electron spin resonance signal similar to that of oxidized P700 observed in Chlorella vulgaris. Investigations into the molecular organization of chlorophyll in green plants strongly suggest that the chlorophyll molecules act cooperatively in the primary light absorption process of photosynthesis (1-3). The light energy is captured by an extended array of antenna chlorophyll molecules that absorb strongly at 678 nm (4). The electronic excitation produced by the light absorption is transmitted via the antenna chlorophyll to a special pair of chlorophyll molecules absorbing at about 700 nm, that functions as a low energy trap (5). The trapping of the excitation energy by the P700 special pair results in one electron oxidation of the pair to yield the special pair cation radical, and an electron which ultimately furnishes the reducing potential of photosystem 1 (6). There is good evidence from studies in vivo that the species designated P700 is actually a pair of chlorophyll a (Chl a) molecules.
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In the visible spectra of systems in vivo, P700 undergoes bleaching upon illumination with red light to a greater extent than does P680 (7) (8) (9) (10) . The subsequent appearance of a photo-induced electron spin resonance signal of about 7 gauss linewidth with g = 2.0025 suggests the formation of P700t (11 Chl a. Two such interactions result in a structure possessing C2 symmetry with an approximate 8.9 A Mg-Mg distance and 3.6 A interplanar separation between the macrocycles. In this model, the carbomethoxy groups are pointed away from the center of the structure and the phytyl tails extend in similar directions from the macrocycles.
Spectroscopic evidence indicates that the keto carbonyl group of Chl a is the primary nucleophilic donor moiety and is of principal importance in Chl a aggregation (14) (15) (16) . This evidence also supports a minor role for the carbomethoxy group as a donor. Nevertheless, Fong has proposed a model (17) for the structure of the special pair based on the coordination of a water molecule to the magnesium of one Chl a molecule, that in turn hydrogen bonds to the carbomethoxy group of a second Chl a. In this model, two such interactions result in a C2 symmetric structure with the carbomethoxy groups pointing toward the interior of the structure. This results in a larger interplanar distance (about 5.6 A) than the Shipman model with the phytyl tails situated at opposite ends of the molecule. The Fong model is based to a great extent on theoretical arguments.
Further insight into the structure of the special pair may be obtained through a biomimetic approach based on carefully chosen in vitro structures. The examination of well-defined in vitro structures has proven exceedingly useful (3) in developing an understanding of photosynthetic processes in vivo.
Recent results from this laboratory (13) showed that concentrated solutions of Chl a in toluene containing a 1.5 molar excess of ethanol, when cooled to dry ice temperatures, form predominantly a species which absorbs light at 700 nm. In addition, these solutions exhibit an additional infrared absorption. band in the carbonyl region due to hydrogen bonding of tip keto carbonyl group. Fong and Koester have also observed 709 nm absorption by Chl a solutions in hydrocarbons containing water at low temperatures (18) .
The entropy requirements for the formation of P700 chlorophyll in hydrocarbon solvents are severe as noted by the need to use high chlorophyll concentrations and low temperatures. This problem may be overcome by chemically linking two intact Chl a macrocycles. This linkage should bring the two Chl a macrocycles to within approximately the same distance that they might occur within a P700 protein, a probable location for the in vivo special pair. Due to the synthetic difficulties involved in preparing a Chl a dimer, a recent communication (19) outlined the properties of a covalent pyrochlorophyll a dimer. Although this molecule is capable of forming a P700 species, it cannot reflect the rather stringent steric requirements imposed by the carbomethoxy group. It is well known that the keto carbonyl group of pyrochlorophyll a functions as a stronger donor moiety than does that of Chl a (3) . This may be due to steric restrictions imposed by the carbomethoxy group. In addition, the interplanar distance between the macrocycles in the special pair models is a strong function of the stereochemistry at C-10. To better evaluate the proposed structures of the special pair, we synthesized a biomimetic model of the special pair by covalently linking two Chl a macrocycles.
SYNTHETIC ASPECTS OF THE COVALENT
Chl a DIMER The synthesis of a covalently linked ChI a dimer is difficult because of the intrinsic reactivity of the ChI a macrocycle. Chlorophyll a is rapidly degraded by a variety of conditions normally encountered in synthetic work. For example, treatment of ChI a with acid at pH < 3 results in expulsion of its magnesium atom (20) . On the other hand, strong bases and nucleophiles react with the ketone at C-9 and cleave ring V (21) (22) . Chlorophyll a is also readily oxidized at C-10 (23). Finally, heating ChI a in the presence of even weakly basic solvents results in decarboxylation at C-10 to yield pyrochlorophyll a (24) . Thus, Chi a reactivity results primarily from the presence of the f# keto ester group in moderately strained ring V.
Although removal of the 10-carbomethoxy group alleviates many of these problems, various structural models of the P700 species utilize the carbomethoxy group as a point of hydrogen bonding interactions (5, 17) . In addition, the stereochemistry about C-10 is an important consideration in any structural proposal. Consequently, the synthesis of an unaltered dimer of Chl a is most desirable.
The original work of Willstitter and Stoll (25) , later amplified by Fischer and Lambrecht (26) , disclosed that the phytyl ester of ChI a can be selectively hydrolyzed by the enzyme chlorophyllase with retention of the magnesium atom or by strong aqueous acid to yield the free acids, chlorophyllide a and pheophorbide a, respectively. Similarly, in the presence of an excess of simple alcohols, e.g., methanol, the same reactions yield the corresponding transesterified alkyl chlorophyllide a (26) or alkyl pheophorbide a (27) . Thus, the propionic acid side chain of the macrocycle may be used as a starting point to construct a linked dimer in the form of a bis(chlorophyllide a) diester of an alkanediol, e.g., ethylene glycol, without altering the functionality in ring V. The structure of this molecule is presented in Fig. 1 Fig. 2 . The striking feature of the spectrum is the close correspondence between the proton chemical shifts of the dimer with those of monomeric Chl a species (14) . Thus, the two macrocycles under these solvation conditions are both independent and equivalent, and result in complete overlap of their respective resonances. The unique resonance at 4.00 parts per million (ppm) is assigned to the four ethylene glycol protons of the link. This sharp singlet indicates that not only are both macrocycles equivalent, but rotation about the C-C bond of the link is rapid on the nuclear magnetic resonance time scale. If these conditions were not fulfilled, then the glycol resonance would appear as either an A2B2 or ABCD multiplet.
Chemistry: Wasielewski et al. species. This suggests the need for a hydrophobic environment surrounding the special pair.
Further examination of the visible absorption spectrum in Fig. 4B reveals that a small amount of the species absorbing at 677 nm remains in the water saturated CCl4 solution. The intensity of the 697 nm band relative to that at 677 nm is about 3:1. By recalling that the covalent dimer is a mixture of diastereomers about the C-10 position in each macrocycle, we find it necessary to examine the stereochemistry of the carbomethoxy groups in relation to the ability of the dimer to fold into a structure capable of exhibiting a 700 nm visible absorption. The a-a and a'-a' dimers are both able to fold into the closely spaced, C2 symmetric, stacked structure proposed by Shipman et al. (13) . In this structure, illustrated in Fig. 5 Kok (37) . Thus, the biomimetic special pair exhibits redox behavior quite similar to the in vivo system despite the environmental differences between the two systems. In another experiment, a 1 mM solution of covalent dimer in water-saturated CC14 containing an equimolar amount of 12 was irradiated with red light (300 W Eimac Xenon arc lamp, Corning 2030 filter, A > 648 nm) in the microwave cavity of an electron spin resonance spectrometer. An intense Gaussian signal with a linewidth of 7.54 gauss was observed. This linewidth corresponds well to that predicted by theory for an electron delocalized over two chlorophyll a macrocycles (11) . The linewidth of the signal from the oxidized in vitro special pair compares favorably with the linewidth of the electron spin resonance signal obtained via photooxidation of P700 in Chlorella vulgaris (11) . Further work is in progress to determine the reversibility of the photooxidation of the in vitro special pair. CONCLUSIONS We have synthesized a covalent dimer of Chl a which possesses properties strikingly similar to those exhibited by P700 special pair Chl a in vivo. We have shown that several hydrogen bonding nucleophiles are effective in generating a species from a solution of the covalent dimer in hydrophobic solvents which absorbs light near 700 nm. Once the entropy of bringing two Chi a molecules close together has been overcome, in vitro special pair formation is a rapid, spontaneous process at room temperature. The range of nucleophiles which promote this process suggests that amino acid residues might function in a similar fashion to form P700 in chlorophyll-protein complexes.
The photochemical properties of the covalent dimer are truly biomimetic. The in vitro special pair undergoes photobleaching rapidly in the presence of iodine that results in the production of a cation radical which exhibits an electron spin resonance signal which is narrowed compared to that of monomeric Chlt due to delocalization of the odd electron over two Chl a macrocycles. These properties are exactly analogous to in vivo P700 special pair ChI a.
These and other biomimetic properties of the covalent dimer are currently under further investigation. The in vitro special pair is an extremely useful model in exploring new concepts concerning photoreaction centers in photosynthesis.
